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Summary
Malaria parasites use antigenic variation to avoid im-
mune clearance and increase the duration of infection
in the human host. Variation at the surface of P. falci-
parum-infected erythrocytes is mediated by the dif-
ferential control of a family of surface antigens encoded
by var genes. Switching of var gene expression occurs
in situ, mostly from telomere-associated loci, without
detectable DNA alterations, suggesting that it is con-
trolled by chromatin structure. We have identified
chromatin modifications at telomeres that spread far
into telomere-proximal regions, including var gene
loci (>50 kb). One type of modification is mediated by
a protein homologous to yeast Sir2 called PfSir2,
which forms a chromosomal gradient of heterochro-
matin structure and histone hypoacetylation. Upon
activation of a specific telomere-associated var gene,
PfSir2 is removed from the promoter region and acet-
ylation of histone occurs. Our data demonstrate that
mutually exclusive transcription of var genes is
linked to the dynamic remodeling of chromatin.
Introduction
Survival of the protozoan malaria parasite in the mam-
malian host is constantly challenged by the host im-
mune response. Most if not all species of malaria have
developed a process called clonal antigenic variation,
which allows the parasite to overcome immune de-
struction by periodically changing the antigenic pheno-*Correspondence: ascherf@pasteur.fr
4 These authors contributed equally to this work.
5 Present address: Institut Pasteur Korea, Seoul, 136-791, South
Korea.
6 Present address: Biochemical Laboratory, Faculty of Pharmacy,
University of Porto, Rua Anibal Cunha, 164, Porto, Portugal.type at the surface of parasitized erythrocytes (PE) (re-
viewed in Kyes et al., 2001; Kaviratne et al., 2003).
Switching of surface expression can also alter the in-
teractions with host tissues, which in the case of the
human malaria parasite Plasmodium falciparum are
strongly linked to pathogenicity (Buffet et al., 1999). The
multicopy gene families encoding the antigenic surface
determinant in the human malaria species P. falciparum
(var gene family) and Plasmodium vivax (vir gene family)
as well as the monkey species Plasmodium knowlesi
(SICAvar gene family) have been identified and studied
at length (Baruch et al., 1995; Smith et al., 1995; Su et
al., 1995; al-Khedery et al., 1999; del Portillo et al.,
2001). Although evolutionarily distinct gene families ap-
pear to mediate phenotypic variation in different ma-
laria species (reviewed in Kaviratne et al., 2003), a com-
mon theme emerges from recent studies. Variant
antigen-encoding multigene families are dispersed over
most or all of the 14 chromosomes and map predomi-
nantly to telomere-associated regions in all studied
Plasmodium species (Carlton et al., 2002; Gardner et
al., 2002).
Initial experiments estimated that switch rates in
P. falciparum can be as high as 2% (Roberts et al.,
1992); however, it is now clear that these rates change
significantly between different variants. Experiments
addressing the molecular mechanism of antigenic vari-
ation in P. falciparum demonstrated that all var genes
(approximately 60) are probably capable of being ex-
pressed in situ in a mutually exclusive manner (Chen et
al., 1998; Scherf et al., 1998). Switching of expression
was observed in the absence of any detectable pro-
grammed DNA rearrangements. It remained puzzling
how one gene member is expressed while all other fam-
ily members are silenced. Some pathogens solve this
problem of allelic exclusion by DNA recombination
events, called “cassette mechanisms,” that allow only
one member of the multigene family to be expressed
adjacent to an “active” promoter (a classic example is
the VSG genes in Trypanosoma brucei [Borst, 2002]). It
is becoming clear that mutually exclusive expression
of var genes is regulated by some form of “epigenetic
information.” This would predict an inherited set of in-
structions for gene regulation that are superposed over
the DNA code rather than encoded by the DNA (Scherf
et al., 1998). Further evidence that specific chromatin
structures promote the availability of var genes to the
transcription machinery come from studies on regula-
tory elements of var genes. Deitsch and colleagues
have shown that silent var promoters become tran-
scriptionally active when removed from their chromo-
somal context and placed on transfected episomes in
P. falciparum (Deitsch et al., 2001; Deitsch et al., 1999).
Telomeres can exert a silencing effect on adjacent
genes. This effect seems to be restricted to a short dis-
tance (roughly 3 kb) from the telomere in Saccharo-
myces cerevisiae (Gottschling et al., 1990; Renauld et
al., 1993). In P. falciparum most members of the var
gene family are located around 20 to 50 kb from the
telomere. Adjacent to all native telomeres (themselves
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26composed of 1 to 1.5 kb of GGGTTT/CA repeats) lies a p
pnoncoding region of 20 to 40 kb composed of a mosaic
of six different polymorphic repetitive elements. The or- S
bganization of subtelomeres in P. falciparum is highly
conserved on all chromosome ends, including the adja- s
Ncent coding region (Figueiredo et al., 2000; Gardner et
al., 2002). This common higher-order structure of sub- P
ttelomeres, together with the physical alignment of
chromosome ends at the nuclear periphery, appears to b
ebe important in the continual generation of repertoire
diversity for this gene family (Freitas-Junior et al., 2000). m
tCurrently the role of telomeric location in the control of
var gene expression remains elusive. l
pIn this study we have identified epigenetic factors
that control expression of the var genes, which are key b
Pmolecules in immune escape and pathogenesis of
P. falciparum. We have discovered two distinct chroma- p
btin modifications that lead to the silencing of var genes.
One of these is heterochromatin (involving a Sir2-like n
oprotein) that propagates from the telomeres over more
than 50 kb into the chromosome-coding region. We c
sshow that the epigenetic silencing of var genes is re-
versible and is associated with histone acetylation at g
mvar promoter regions. Our results provide evidence that
dynamic chromatin changes control antigenic variation u
oin malaria parasites.
a
pResults
t
jIdentification of the Sir2 Homolog in P. falciparum
AIn a previous study we had identified P. falciparum or-
wthologs to most S. cerevisiae telomere-associated pro-
teins (Scherf et al., 2001). We decided to look in more
adetail at the molecules that have been shown to be in-
cvolved in chromatin modification and gene repression
ein yeast, such as Sir2 (silent information regulator). The
nS. cerevisiae Sir2 ortholog in P. falciparum (PfSir2) is
mannotated as PF13_0152 in the P. falciparum database
r(http://www.plasmodb.org). Alignment of PfSir2 and
fScSir2 shows that the conserved core domain charac-
tteristic of the Sir2 proteins is present in P. falciparum
S(Figure 1A).
aIn order to validate these candidates as functional
cmolecules in P. falciparum, antibodies were generated
rusing synthetic peptides from two different regions of
ePfSir2 or against PfSir2 GST fusion proteins. Analysis
eof the anti-PfSir2 antibody by Western blot (nuclear ex-
itracts) gave a major band of approximately 70 kDa with
iboth types of antisera and a minor band of 52 kDa with
tanti-peptide antisera (Figure 1B). The anti-peptide anti-
sera also crossreacted with a cytoplasmic 30 kDa pro-
tein (data not shown). Preimmune serum gave no reac- I
tion with the parasite extracts. A PfSir2 transcript of a
3.5 kb was detected in ring-stage parasites (Figure 1C), T
supporting the Western blot results. t
t
mPfSir2 Protein Localizes to Telomeric Foci
and the Nucleolus o
mImmunolocalization experiments show that the anti-
PfSir2 antibody signal is highly concentrated at one pole m
tof the nucleus; however, some discrete immunofluores-
cent foci remain around the nucleus. This pattern is very
tsimilar to the pattern obtained in S. cerevisiae, where aolarized nuclear signal is also obtained in addition to
unctate, perinuclear localization (Gotta et al., 1997). In
. cerevisiae, this antibody staining at one pole has
een shown to be associated with the nuclear sub-
tructure, the nucleolus. We used the nucleolar marker
op1 to test whether the same phenomenon occurs in
. falciparum. This molecule has been previously iden-
ified in P. falciparum (Figueiredo et al., 2005), and anti-
odies raised against synthetic peptides for this mol-
cule react with a single protein of an apparent
olecular weight of 28 kDa, which is consistent with
he expected size for the PfNop1 protein (Figure 1B,
ane 5). Preimmune serum gave no reaction with the
arasite extracts (Figure 1B, lane 6). Anti-PfNop1 anti-
ody stains one pole of the nuclei. While the polarized
fSir2 crescent colocalizes with PfNop1, the discrete
erinuclear spots obtained with the anti-PfSir2 anti-
ody directed against synthetic PfSir2 peptides were
ot recognized by the PfNop1 antibody (Figure 1D). We
bserved continuous expression of both of these mole-
ules during the complete erythrocytic cycle (data not
hown). Whole-genome transcriptional analysis using
lass-slide microarrays (Bozdech et al., 2003) and Affy-
etrix (Le Roch et al., 2003) suggests a slight downreg-
lation of PfSir2 in trophozoites and a downregulation
f PfNop1 in late schizonts. Transcripts of both genes
re also detected in sporozoite- and gametocyte-stage
arasites (Le Roch et al., 2003). We tested the associa-
ion of PfSir2 molecules with the telomere using a con-
ugated immunolocalization and FISH assay (IF-FISH).
s expected, we found that the PfSir2 foci colocalize
ith the telomeric clusters (Figure 1E).
Ultrathin sections of blood-stage parasites were ex-
mined by electron microscopy to study the pattern of
hromatin in P. falciparum nuclei. Electron-dense het-
rochromatin was observed at the periphery of parasite
uclei, with the condensation most pronounced in seg-
ented schizont nuclei. Serial sectioning (not shown)
evealed that this region of heterochromatin ranged
rom around 20 nm to 50 nm in diameter and covered
he majority, but not all, of the periphery of the nucleus.
ections were immunolabeled with antibodies directed
gainst synthetic PfSir2 peptides and colloidal gold-
onjugated secondary antibodies. Consistent with a
ole in chromatin modeling, PfSir2 colocalized with the
lectron-dense heterochromatin at the nuclear periph-
ry but was absent from the electron-sparse nuclear
nterior (Figures 2A and 2B). In some sections the label-
ng appeared to be grouped in patterns reminiscent of
elomeric clustering.
dentification of Condensed Chromatin
t Chromosome Ends
o investigate whether differential chromatin compac-
ion is present within the nucleus, we used FISH to ob-
ain a chromatin density map of the P. falciparum chro-
osome ends. Our strategy was to use combinations
f single probe tags located along the length of chro-
osome 2, combined with a telomeric probe, to deter-
ine the level of chromatin condensation in colocaliza-
ion studies (Figure 2C).
Rep20 was used as the telomeric probe in combina-
ion with the subtelomeric genes PFB0870w or PFB0125c.
Remodeling of Chromatin Controls var Transcription
27Figure 1. P. falciparum PfSir2 Locates to Tel-
omeric Foci and the Nucleolus
(A) Schematic of PfSir2. The black areas
show the regions homologous to S. cerevis-
iae Sir2. The predicted gene size by Plas-
moDB is shown as intact lines and the ap-
parent size obtained experimentally by
broken lines. Synthetic peptides and fusion
proteins used for antibody production are
shown as thick lines.
(B) Western blot analysis of total protein
extract from asynchronous, blood-stage cul-
ture using rabbit and mouse polyclonal anti-
bodies developed against PfSir2 and PfNop1.
The nitrocellulose membrane was incubated
with rabbit anti-PfSir2 antibodies (synthetic
peptides) and mouse anti-PfSir2 antibodies
(GST fusion protein) (lanes 1 and 3), PfSir2
preimmune serum (lanes 2 and 4), anti-
PfNop1 antibodies (lane 5), and PfNop1 pre-
immune serum (lane 6).
(C) Northern blot showing PfSir2 hybridiza-
tion with a 3.5 kb RNA transcript of ring-
stage parasites.
(D) IF using the PfNop1 and PfSir2 antibod-
ies. The PfSir2 antibody is visualized in red
and the PfNop1 antibody in green using
Alexa 488.
(E) Simultaneous IF and FISH analysis. Im-
munolocalization (IF) of PfSir2 was per-
formed on young trophozoite parasites using
an Alexa 488-conjugated secondary anti-
body (green). FISH analysis was performed
simultaneously using a telomeric oligonucle-
otide probe conjugated with Cy3 (red). The
nuclei were stained with DAPI.Internal gene combinations of the probes PFB0870w/
PFB0675w and PFB0125c/PFB0340c were chosen to
determine whether the chromatin is condensed in a dif-
ferent form in the chromosome internal regions. The
physical distance between the chromosome end mark-
ers is 165 kb between Rep20 and the PFB0870w gene
and 110 kb between Rep 20 and the PFB0125c gene.
The internal marker combinations PFB0870w/PFB0675w,
PFB0125c/PFB0340c, and PFB0400w/PFB0510w gave
distances of 146 kb, 170 kb, and 95 kb, respectively.
FISH studies using combinations of these probes were
performed and the distance between the spots was
measured. In order to define the distance in pixels and
to obtain comparable distance values, the mean num-
ber of pixels between each spot was divided by the
physical distance in kb, thus defining the number of kb/
pixel for a given chromosome region. The distance inpixels between Rep20 and the subtelomeric probe
PFB0870w was found to be 30.33 kb/pixel, and the dis-
tance between Rep20 and PFB0125c was determined
to be 20.63 kb/pixel. The observed space between the
three pairs of chromosome internal probes was 5.79
kb/pixel, 9.1 kb/pixel, and 3.88/pixel. This indicates that
the condensation of internal chromatin regions is much
less compact than at telomeres. A hypothetical model
illustrating two alternative forms of chromosome organ-
ization in the nucleus as determined by FISH results is
shown in Figure 2D.
Acetylated Histone H4 Is Excluded
from Chromosome Ends
Histone acetylation is a hallmark for active genes
(Jenuwein and Allis, 2001). To determine whether P. fal-
ciparum chromosome ends and acetylated histones
Cell
28Figure 2. Chromosome Ends Locate to Peripheral Heterochromatin Regions
(A) The PfSir2 protein localizes to the electron-dense heterochromatic region at the nuclear periphery of P. falciparum parasites. (A) and (B)
show developing merozoites in a late schizont-stage parasite. Scale bars in (A) and (B) are 250 m.
(C) Schematic representation of FISH markers along P. falciparum chromosome 2. A closeup of the FISH signal is shown. The physical
distance between the markers is indicated as kilobases and values obtained using FISH analysis as kb/pixel. The probe names are indicated;
n = number of observations.
(D) Model of organization of P. falciparum chromosome ends at the nuclear periphery, showing two possible chromatin conformations leading
to compactness: heterochromatin or loop formation. Telomeres are shown as red dots.occupy different compartments in the nucleus, we per- b
lformed simultaneous IF-FISH using anti-acetylated his-
tone antibodies for the IF data and a telomeric probe c
ufor FISH. Results showed that the two probes define
different chromosomal compartments. As illustrated in
Figure 3, acetylated H4 was found to be restricted to A
athe interior of the nucleus, whereas the telomere probe
was localized in the periphery of the nucleus. Similar T
iresults were observed using anti-acetylated histone H3
(Lys14) antibodies (data not shown). Microscopic three- p
Ddimensional through-stack (z-stack) sampling followedy image “deconvolution” processing revealed that the
ocalization of the two signals was almost mutually ex-
lusive, suggesting that the transcription of genes is
sually excluded from the periphery (data not shown).
Chromosomal Gradient of PfSir2
nd Acetylated Histones
o overcome the limitations of resolution for FISH and
mmunolocalization, we performed chromatin immuno-
recipitation (ChIP) to map the binding of PfSir2 to its
NA sequence. DNA, precipitated using anti-PfSir2
Remodeling of Chromatin Controls var Transcription
29Figure 3. Acetylated H4 Histone Is Excluded
from the Nuclear Periphery
Combination of immunolocalization (anti-
acetylated H4 antibodies, green) and FISH
(telomere, red) colocalization analysis of tro-
phozoite-stage parasites. The nucleus is
stained with DAPI.antibodies, was hybridized in dot-blot assays against
telomere repeats; Rep20 repeats; and the promoter re-
gions of two transcribed blood-stage genes, HRP1 and
GBP130. The dot-blot detection method was used
since a comparative real-time PCR analysis on large
repetitive DNA elements is not possible. Input DNA
(nuclear DNA prepared after sonication) was used as a
control to demonstrate hybridization with all spotted
DNA fragments. ChIP analysis shows that PfSir2 binds
to telomeric chromatin, supporting the data of Figure
1E. Surprisingly, PfSir2 binding spreads out to the sub-
telomeric repeat Rep20, a region that lies adjacent to
the regulatory 5# UTR element of telomeric var genes.
No PfSir2 was associated with 5# UTR of the two ex-
pressed blood-stage genes, which are located approxi-
mately 100 kb from the telomere end (Figure 4A). The
opposite results were obtained using antibodies that
recognize acetylated histones H3 and H4, indicating
that histone acetylation is associated with gene activity
in P. falciparum. An example for anti-acetylated H4 is
shown in Figure 4A.
To investigate the presence of PfSir2 in the DNA-pro-
tein complexes formed by nuclear extracts in the
Rep20 region, antibody supershift experiments were
carried out. These assays were performed using para-
site nuclear extracts and an oligonucleotide containing
only one repeat of Rep20. This radiolabeled Rep20
oligonucleotide was incubated with 5 g of nuclear
extracts obtained from asynchronous cultures of P. fal-
ciparum. DNA-protein complexes were analyzed on
nondenaturing polyacrylamide gels. A protein-DNA
complex was detected when Rep20 was incubated
with nuclear extract (Figure 4B). These results suggest
that there are nuclear proteins that recognize primary
sequence elements in the Rep20 region. To determine
whether PfSir2 is present in this protein-Rep20 com-
plex, nuclear extracts were preincubated with increas-
ing quantities (15 and 30 g) of antiserum generated
against PfSir2 before the addition of radiolabeled
Rep20 oligonucleotide. In the presence of PfSir2 antise-
rum, an additional high-molecular-weight protein-DNA
complex was observed, and this increased in a dose-
dependent manner. Preimmune serum did not induce
any supershifting. In order to demonstrate that PfSir2-
mediated chromatin modifications are specific for sub-
telomeric regions, supershift experiments with a chro-
mosome internal oligonucleotide probe correspondingto the HRP1 gene (approximately 120 kb from telo-
meres) were performed. Anti-PfSir2 antibodies did not
reveal any additional shift (Figure 4C). This result sup-
ports the evidence that PfSir2 protein spreads out from
the telomere over a distance of at least 20–40 kb and
is an important component of the heterochromatin
complex around Rep20.
PfSir2 Binding and Histone Deacetylation at Promoters
Control Mutually Exclusive Repression
of Subtelomeric var Genes
To determine the role of PfSir2 in the control of tel-
omeric var gene expression, we performed ChIP assays
using anti-PfSir2 and anti-acetylated histone H4 anti-
bodies. For this purpose we used two selected parasite
populations of the same genetic background express-
ing two distinct members of the var gene family. In one
of them, a specific telomeric var gene (var2CSA) is ex-
pressed (FCR3-BC1CSA); in the other, this gene is re-
pressed (FCR3CD36) and expresses another member of
the var gene family. var genes are controlled by distinct
promoters differing in sequence (denoted upsA, B, C,
and E), and genes controlled by upsA, upsB, and upsE
promoters are located in the subtelomeric region, al-
though some upsB are present in central regions. var
genes controlled by upsC are exclusively found toward
the center of the chromosomes (Gardner et al., 2002;
Voss et al., 2000). upsE is unique and regulates the
var2CSA gene (PFL0030c; Gardner et al., 2002). We
found that the var2CSA gene promoter upsE was im-
munoprecipitated by anti-acetylated histone H4 anti-
bodies when this gene is active, but not when it is in-
active (Figure 5A). None of the other var promoters
were acetylated, strongly indicating that mutually ex-
clusive transcription of var genes is strongly linked to
histone acetylation. The opposite result was observed
with anti-PfSir2 antibodies. The upsE promoter of the
inactive var2CSA gene forms a complex with PfSir2,
whereas activation of the var2CSA gene leads to the
disappearance of PfSir2 from this promoter region. It is
noteworthy that in CD36-selected parasites, anti-acet-
ylated H4 precipitates a member of the central var
genes (upsC); however, no binding of PfSir2 was de-
tectable with upsC promoters in CSA-selected para-
sites. Thus, our data suggest that central var genes are
repressed in a PfSir2-independent manner. This obser-
vation is strongly supported by microarray experiments
Cell
30Figure 4. Chromosomal Compartmentaliza-
tion of PfSir2 and Histone Acetylation
(A) ChIP analysis of trophozoite extracts
using anti-PfSir2 and anti-acetylated histone
H4 antibodies. DNA sequences correspond-
ing to telomere repeats, the telomere-adja-
cent Rep20 tandem 21 bp repeat element,
and promoter regions of two expressed blood-
stage genes, HRP1 and GBP130, were fixed
on nylon membranes and hybridized to DNA
obtained from ChIP analysis. Input corres-
ponds to DNA prepared from fragmented
chromatin prior to immunoprecipitation.
(B) Supershift experiment showing the nuclear
protein/Rep20 DNA complex in the presence
and absence of anti-PfSir2 antibodies.
(C) Control supershift experiment using a pro-
moter region (HRP1) approximately 120 kb
distant from the telomere.of parasites carrying a mutated PfSIR2 gene (see com- t
Apanion paper in this issue of Cell, Duraisingh et al.,
2005), whereby a subset of subtelomeric, not central, d
avar genes are upregulated in a PfSIR2-disrupted line.
The precipitation of telomeric var promoter regions a
aby anti-PfSir2 antibody from CD36- and CSA-selected
parasites was verified by PCR analysis. Specific PCR h
treactions for the upsE- and upsB-type promoters were
performed and confirmed the presence of PfSir2 at in- v
active upsE promoters but not active promoters. upsB-
type DNA sequence was amplified from ChIP assays T
iperformed on CD36- and CSA-selected parasites. This
is an expected result, since this promoter type exists in T
gmultiple copies in the var repertoire, which predicts that
all or the majority of genes are in an inactive state. In v
iconclusion, these results suggest that the presence of
PfSir2 generates a hypoacetylated state at chromo- P
ssome ends, including subtelomeric var genes, that re-
presses gene activity. s
n
nDiscussion
o
oMuch of what is known about antigenic variation in
P. falciparum has been determined by studying pheno- oypic changes at the surface of infected erythrocytes.
lthough this has contributed to our fundamental un-
erstanding of antigenic variation (reviewed in Kyes et
l., 2001), nothing conclusive has been elucidated
bout the nuclear alterations that determine activation
nd silencing of the var gene family. In this work we
ave identified two reversible chromatin modifications
hat define silent and active states of telomere-adjacent
ar genes.
elomeric Heterochromatin Spreads
nto Coding Regions
he revelation that heterochromatin is associated with
ene inactivity (reviewed in Moazed, 2001) led us to in-
estigate the presence of highly condensed chromatin
n P. falciparum. Although no visible condensation of
. falciparum chromosomes is detectable during mito-
is (Prensier and Slomianny, 1986), in this work we ob-
erved electron-dense material at the periphery of the
ucleus, pointing to segmental condensation of the ge-
etic material during the blood stages. We have devel-
ped a method to evaluate the degree of condensation
f a chromosome region in its chromatin context based
n FISH technology. Our data demonstrate that two
Remodeling of Chromatin Controls var Transcription
31Figure 5. PfSir2 Is Associated with Chromatin
of Inactive but Not Active Telomeric var Pro-
moters
(A) ChIP analysis of ring-stage parasites of two
FCR3 lines with a specific var gene in two dis-
tinct states: active (FCR3-BC1CSA) and si-
lenced (FCR3CD36). Different types of var pro-
moter sequences (var2CSA upsE, single copy
at telomeric location; upsC, 13 copies in
central chromosome region; upsB, 22 copies
at telomeric locations) and promoter se-
quences of genes (LSA3, CSP) not expressed
during blood stages have been fixed on nylon
membrane.
(B) PCR analysis of DNA obtained of ChIP
analysis with anti-PfSir2 antibodies. The re-
sults of PCR amplification of promoter re-
gions upsE and upsB (approximately 500bp
fragments) are shown.DNA probes at a comparable distance are much closer
together at chromosome ends (approximately 20 to 30
kb/pixel) than in internal chromosome regions (3.8 to 9
kb/pixel). The measurements obtained for telomeres of
several different chromosomes resulted in very similar
values (data not shown), indicating that most if not all
telomere-proximal regions exist in a higher-condensed
form than the majority of the chromosome. This obser-
vation raised the possibility that coding sequences
might be silenced by subtelomeric heterochromatin for-
mation.
Our current understanding is that the telomeric loca-
tion of multigene families favors recombinational mech-
anisms that are important for diversification of the var
repertoire (Freitas-Junior et al., 2000; Taylor et al.,
2000). The mechanism for tethering chromosome ends
remains unknown, but our results from ChIP and super
gel shift analysis imply that PfSir2 may be involved in
the interaction between heterologous chromosome ends
during blood-stage development. However, the role of
telomeres in the regulation of gene activity related to
antigenic variation is largely unknown.
In this work we demonstrate that PfSir2 binds to telo-
meres. Surprisingly, PfSir2 spreads out over a much
larger distance than hitherto expected, including regu-
latory sequences: the promoter of var2CSA is approxi-mately 55 kb internal to the telomere. This contrasts to
yeast, where Sir2-mediated silencing only spreads over
a short distance from the telomere (maximum 3 kb) (Re-
nauld et al., 1993). The repetitive element Rep20 ap-
pears to be associated with var gene control since trun-
cated chromosomes that have deleted the entire
subtelomeric region including Rep20 do not silence ad-
jacent genes (Figueiredo et al., 2002). In a separate
study, a silent var gene whose proximal Rep20 region
had been deleted was found to be expressed, support-
ing a role of Rep20 in the control of silencing or switch
rates of telomeric var genes (Horrocks et al., 2004).
Heterochromatin in yeast and in Drosophila has been
shown to establish a variegation effect on genes placed
into or next to this region. Genes become silent or
active in a stochastic fashion, and these “on” and “off”
states are stably maintained (Gottschling et al., 1990;
Weiler and Wakimoto, 1995). In the case of S. cerevis-
iae, variegation is mediated by a multiprotein nucleo-
some binding complex containing Sir2 as a crucial ele-
ment. Recent work presents genetic evidence that a
reporter gene inserted into the Rep20 element is under
the influence of epigenetic factors mediating stably
maintained variegated states of reporter gene activity
(Duraisingh et al., 2005). The data of Duraisingh and
colleagues strongly support our finding that PfSir2 as-
Cell
32sociated to Rep20 is a key molecule in telomere silenc- e
ing of P. falciparum. 2
t
Gene Silencing and Histone Deacetylation
oin the Promoter Regions
Several orthologs to yeast histone-modifying enzymes b
such as histone acetylase, deacetylase, and methylase v
have been characterized or identified in the P. falci- m
parum genome database (Scherf et al., 2001; Aravind t
et al., 2003; Fan et al., 2004). This suggests that malaria a
parasites may use the postulated histone code for gene m
regulation (reviewed in Jenuwein and Allis, 2001). The v
general notion is that histone hyperacetylation pro- u
motes gene activation while hypoacetylation generates t
repression. Although not all modifications of histone g
acetylation correlate with activation, the antibodies n
used in this study recognize acetylated N-terminal ly- a
sines of histone H4 and crossreact with H2B. In other m
organisms, acetylation at these positions correlates g
well with activation and deacetylation with heterochro- l
matin (Braunstein et al., 1996; Shankaranarayana et al., o
2003). We demonstrate that acetylation occurs in these c
positions of H3/H4 histone tails for the promoters of the
P. falciparum erythrocyte-stage genes but not in genes c
such as LSA3 and CSP expressed at different develop- t
mental stages (see Figure 5A). This suggests that the t
reversible acetylation of histones plays a crucial role in t
the developmental control of P. falciparum gene ex- a
pression. Having established ChIP assays for this para- i
site, we are now in a position to perform a genome- m
wide analysis to identify promoter regions that require
R
PfSir2 for gene regulation.
w
(Mutually Exclusive Transcription of Members i
of the var Gene Family
v
Nuclear run-on experiments indicate that mutually ex-
v
clusive transcription of var gene expression is con-
o
trolled at the transcriptional level (Scherf et al., 1998).
Although several var gene transcripts can be detected
cin a single parasite cell using RT-PCR (Chen et al., 1998;
aScherf et al., 1998), generally only one full-length var
ttranscript is detectable by Northern blot analysis (Kyes
get al., 2000), suggesting that RT-PCR picks up minor
oand possibly partial transcripts generated by an un-
sknown mechanism.
Hvar genes appear to be, by default, in a silent state.
wBased on our ChIP data described in Figure 5A, it is
glikely that central var genes (upsC-type promoters) may
vbe silenced by a PfSir2-independent process. We pre-
tdict that distinct pathways for the silencing of var
pgenes may exist in P. falciparum, and a key question is
ehow the centromeric var genes (approximately 35% of
Dthe var gene family) are silenced. var intron-mediated
sgene repression may play a role; however, this phenom-
benon has so far only been observed with P. falciparum-
wtransfected plasmids (Deitsch et al., 2001). Preliminary
cFISH data show that central var genes loop back to
lthe nuclear periphery but locate to perinuclear regions
(distinct from telomere clusters (S.A.R. and A.S., unpub-
llished data). Silencing might occur due to the presence
oof perinuclear silencing areas devoid of transcription
Tmachinery in P. falciparum and may involve var introns
(Deitsch et al., 2001). This hypothesis is supported by rxperimental data (reviewed in Hediger and Gasser,
002) and would predict changes in the var gene loca-
ion for the activation process.
In a parallel collaborative study, phenotype analysis
f P. falciparum parasites in which the PfSIR2 gene has
een inactivated confirmed the role of this molecule in
ar gene repression (Duraisingh et al., 2005). Further-
ore, this study ruled out the possibility that the detec-
ion of multiple full-length var transcripts was due to
n increased var gene switch rate. However, Affymetrix
icroarray analysis demonstrated that only telomeric
ar genes controlled by upsA and upsE were strongly
pregulated. The majority of telomeric var genes con-
rolled by upsB remained transcriptionally silent, sug-
esting the presence of an additional level of epige-
etic control for this class of var genes. Most of the
djacent multigene families, such as rif and stevor, re-
ained silenced in Pfsir2 KO parasites. Yet some rif
enes adjacent to upsA-type var genes were upregu-
ated, suggesting that PfSIR2 controls the transcription
f very specific and limited regions of the telomeric
hromatin (see model in Figure 6B).
If the default state is silent, how does a var gene be-
ome activated? To answer this question we first need
o understand how histone acetylases are recruited to
heir specific targets. A var 5# UTR sequence-specific
ranscription factor may recruit a coactivator, possibly
histone acetylase, leading to acetylation of lysine res-
dues in histone tails. The local remodeling of the chro-
atin may expose a binding site for factors such as
NA polymerase. In a recent study, specific proteins
ere detected that bind to 5# UTRs of var promoters
Voss et al., 2003). These might be key proteins that
nitiate the ordered series of events leading to the acti-
ation of a var promoter. The identification of specific
ar transcription activator molecules will be a future pri-
rity.
A major question, relevant not only for malaria spe-
ies, is how mutually exclusive expression can be
chieved. Our present data show that specific chroma-
in modification at the active var promoter is propa-
ated in a heritable fashion in blood-stage parasites. In
rder to switch, we speculate that this active chromatin
tate may be transferred to another var gene locus.
ow this could be mediated is not clear, but the model
ould predict that physical interaction of different var
enes might be necessary, and physical clustering of
ar genes, as occurs in telomeric foci, may determine
he switch-order event. Elegant work on African try-
anosomes (Navarro and Gull, 2001) points to another
pigenetic factor that might be superposed onto the
NA code, the localization of a given gene locus into a
pecific nuclear compartment (called “expression site
ody”). It has been postulated that this compartment
ould allow efficient, full-length transcription and ex-
lude other loci from activation. Work of Crabb and col-
eagues (Duraisingh et al., 2005) and our own laboratory
S.A.R. and A.S., unpublished data) indicate that si-
enced and active states of subtelomeric var genes can
ccupy distinct nuclear compartments in P. falciparum.
he applicability or otherwise of this model to var gene
egulation deserves further attention.
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33Figure 6. Model of Heterochromatin Control
for P. falciparum var Gene Regulation
At the top, a model of a typical P. falciparum
chromosome end organization is repre-
sented. The telomere is followed by six telo-
mere-associated repeat elements (TAREs).
PfSir2 binds to telomeric chromatin and
spreads through the repeat elements into the
coding region. In S. cerevisiae, the binding of
Sir2 protein, which has deacetylase activity,
causes an increase in the heterochromatin
density. Areas of dense heterochromatin are
represented in red and the less densely
compact euchromatin regions are indicated
in green. Transcription takes place in acet-
ylated euchromatin areas.
(A) var gene silencing. Transcription of telo-
mere-associated var genes would be si-
lenced when PfSir2 is bound to the whole
region and the heterochromatin is deacety-
lated and densely packed.
(B) A model for epigenetic activation. Here,
a small regulatory region (var promoter) of
the chromatin is modified. The green area
represents the specific region of acetylated
histones that allows transcription initiation
factors to access the var gene promoter.
(C) The acetylated region extends along the
chromosome arm, permitting a large region
to be transcribed.Conclusion
We show that PfSir2, unlike its yeast homolog, binds far
into the subtelomeric region of the chromosome ends,
extending at least as far as the first subtelomeric
genes. We also clearly demonstrate that the binding of
this molecule to the promoter region of the subtelom-
eric var genes is associated with silencing of the gene,
whereas the expressed subtelomeric var gene has no
bound PfSir2. Hence, the data, together with that found
in the companion paper (Duraisingh et al., 2005), reveal
a key role for heterochromatin-mediated silencing in
the global repression of var genes. Although there are
still a number of mysteries surrounding how a single
var gene can be activated, we can now think about new
concepts for how to study these puzzling processes.
Experimental Procedures
P. falciparum Culture
P. falciparum blood-stage parasites were cultivated as described
(Trager and Jensen, 1976). The FCR3-BC1CSA parasites are de-
scribed elsewhere (Andrews et al., 2003), and panning assays for
selection of FCR3 parasites that transcribe var genes associated
with CD36 and CSA binding have been described (Scherf et al.,
1998).
Antibodies
To obtain polyclonal antibody serum against PfSir2 and PfNop1 we
used the Eurogentec standard protocols for immunizing rabbits.
Each animal was immunized with a combination of two synthetic
peptides. The sequences are as follows: PfSir2, N-NSIWSKYDPRIY
GTI-C and N-ANILKGSSEKNKKIM-C; PfNop1, N-GRGNKDRKSFKK
DNK-C, GRGNKDRKSFK KDNK-C, and N-DLTNMSKKRSNIVPI-C.
PfSir2 was expressed as a GST fusion protein (amino acids 53 to273) of the predicted ORF (PF13_0152, http://www.plasmodb.org)
of PfSir2. Mouse serum was raised against the purified fusion pro-
tein. The exact protein size for PfSir2 and PfNop1 is unclear. For
PfNop1, four distinct and conflicting gene models give molecular
weight predictions between 21 and 34 kDa, though the most likely
size is approximately 28 kDa. PlasmoDB predicts an ORF of the
PfSIR2 gene that would code for a 30 kDa protein; however, anti-
peptide and anti-GST fusion protein antibodies generated in this
work recognize a band of approximately 70 kDa but no protein in
the 30 kDa range in nuclear extracts. Rabbit anti-acetyl histone H3
(amino acids 7–17, acetylated at Lys14) and histone H4 (amino
acids 2–19, acetylated at Lys5, Lys8, Lys12, Lys16) were purchased
from Upstate Biotechnology.
Combined Immunofluorescence and FISH
Parasites were air dried on glass slides for 30 min at room temper-
ature followed by fixation in 4% paraformaldehyde/PBS (phos-
phate-buffered saline) for 10 min. Next, the fixed parasites were
incubated with the primary antibody for 30 min at room temper-
ature followed by incubation for 30 min with a secondary antibody
conjugated with fluorochrome. The slides were fixed again using
4% paraformaldehyde/PBS for 10 min. This process is important
to preserve the first and second antibody complexes over the next
step. We introduced some modifications to the previously de-
scribed FISH technique (Freitas-Junior et al., 2000) to better pre-
serve the immunofluorescence signal obtained in the previous IF
step. The denaturation step was performed in 70% formamide, 2×
standard saline citrate (SSC) at 72°C for 7 min followed by serial
dehydration in ethanol 70%, 85%, and 100% at −20°C, 1 min each.
The sample was allowed to air dry. In parallel we proceeded with
the denaturation of the FISH probes in hybridization buffer (50%
formamide, 2× saline sodium phosphate EDTA [SSPE], 10%
dextran sulfate, 250 g/ml herring sperm DNA) at 95°C for 10 min.
Finally, sealed in a plastic frame, the probes were incubated for 10
min at 72°C, then for 12 hr at 37°C.
Cell
34Multidimensional Image Acquisition and Analysis o
iImages were acquired on a Zeiss (Germany) Axiovert 200M inverted
microscope-based TILLvisION multidimensional imaging system G
C(TILL Photonics, Germany) equipped with a Zeiss 100× Plan Neo-
Fluar objective (n.a. = 1.3) and a PCO IMAGO-QE camera (TILL C
Photonics). Resolution calculations used Microscope Resolution Cal-
culator Applet v1.0, available at http://www.pasteur.fr/recherche/ G
Tunites/Pfid/html/objcalc/?en.
v
TImmunoelectron Microscopy
pImmunolabeling for EM was performed on ultrathin sections of glu-
mtaraldehyde-fixed parasites following the protocol described
B(Healer et al., 2002). Rabbit serum against PfSir2 was used at a 1
ain 50 dilution. The secondary antibodies used were 15 nm colloidal
lgold conjugates.
2
fPreparation of Nuclear Extracts
sNuclear preparations were made as described by Lanzer and col-
ileagues (Lanzer et al., 1992). Nuclear protein extracts were ob-
ltained using 100 l of extraction buffer (20 mM HEPES [pH 7.9], 0.4
sM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, and 1 mM PMSF);
sfollowing 15 min of vigorous shaking on ice, the extract was cleared
tby centrifugation. The supernatant was used for gel shift assays.
GFor Western blot analysis, purified nuclei were resuspended di-
Grectly in SDS sample buffer and extracts were analyzed on 12%
aSDS PAGE. Control antibodies directed against modified histones
Kreacted with the nuclear but not the cytoplasmic fractions.
H
HChromatin Immunoprecipitation Assay
T
The chromatin immunoprecipitation assay was performed as re-
commended by Upstate Biotechnology ChIP Assay Kit (26225) with
minor modifications. Briefly, 6 × 109 parasites were isolated from A
infected erythrocytes by saponin lysis. Chromatin was crosslinked
using 1.0% formaldehyde for 5 min at 37°C and the cells were col-
W
lected after two washes with PBS. Parasites were resuspended in
d
buffer A (25 mM Tris-HCl [pH 7.8], 1 mM EDTA, 0.25% NP-40) con-
M
taining a mixture of protease inhibitors (2 mM phenylmethylsulfonyl
h
fluoride [PMSF], 0.2 mM N-tosyl-lysine chloromethyl ketone
a
[TLCK], 0.2 mM N-phenylalanine chloromethyl ketone [TPCK], 0.25
l
g leupeptine/ml, 10 g pepstatine/ml) and set on ice for 30–60
(
min. Parasites were then lysed by 100–300 strokes in a homoge-
(
nizer; the nuclei were recovered by centrifugation and resuspended
in 200 l of sonication buffer (Upstate Biotechnology), then incu-
Rbated on ice for 15 min and sonicated 12 times for 10 s at maximum
Rsetting with 1 min intervals on ice between each pulse (Sonifier Cell
ADisruptor) in order to obtain DNA fragments in the range of 200 to
P1000 bp. After 15 min of centrifugation, 15 l of the supernatant
was used as input and the remainder was diluted 10-fold in ChIP
RDilution Buffer (Upstate Biotechnology). This diluted fraction was
subjected to immunoprecipitation overnight with anti-acetyl H4 his-
atone (Upstate Biotechnology) and anti-PfSir2 antibody obtained in
vthis work. DNA was purified by phenol chloroform extraction, radio-
eactively labeled, and used as probe in the dot-blot assays.
A
YDot-Blot Analysis
(The dot-blot assays were performed as described (Sambrook et
dal., 1989). Fifty nanograms of each DNA sample was placed onto a
Pnylon membrane (Hybond N+). DNA fragments of var promoter re-
gions from central var genes (upsC) and telomeric var genes (upsB A
and upsE) (Gardner et al., 2002; Voss et al., 2000) were used. A m
350 bp fragment of the telomeric upsB-type promoter region was B
amplified using the primers var17s (5#-TATTACAGGATATGTCAT M
ATATTATAT) and var17as (5#-AAATACGAAAATACAT ACATATAAAA). g
A DNA fragment of 500 bp corresponding to the central upsC-type r
promoter was generated using the primers var5B1s (5#-TCCATAT 7
GVTATCCAATAAAT) and var5B1as (5#-ATATTCGTCAAATACGTACA).
BPrimers var2CSAs (5#-ggaacgacattattttgtataaaa) and var2CSAas
5(5#-ATCACCATAATTAATATGAGAATC) were used to amplify a DNA
Bfragment of 500 bp that contains the var2CSA upsE promoter re-
Rgion. The promoter region of the GBP130 gene (of about 500 bp)
mwas amplified with the primers GBP130s (5#-GTGTACATCTAAAGT
1TAGGATA) and GBP130as (5#-AATACTAATTTTTCTTTATACTAG).
The following primers were used to amplify 5# UTR DNA fragments Bf about 500 bp for two genes, LSA3 and CSP, not expressed dur-
ng blood stages (Bozdech et al., 2003): LSA3s (5#-GGATATATAAAA
AAAAAGAAGTGT) and LSA3as (5#-AATTGTAAAATAATAA TATCTT
GG-3#), and CSPs (5#-GTCATAAATTCTGAATTA TCAAATA) and
SPas (5#-ATAGCACTGGTATTCCTGGAA).
el Shift and Supershift Assay
he gel retardation experiments were performed in a 30 l reaction
olume using approximately 5000 cpm of probe for each reaction.
he probe was incubated with 5 g of nuclear extracts of P. falci-
arum; the reaction mixture contained binding buffer (HEPES 20
M [pH 7.9], NaCl 10 mM, DTT 1 mM, 5% glycerol, 0.25 mg/ml
SA) and 2 g poly-dI:dC. The reaction was performed for 30 min
t room temperature to allow complex formation. Samples were
oaded on a 4% polyacrylamide gel (acrylamide:bis-acrylamide,
9:1) prepared in 0.5× TBE buffer and electrophoresed at 20 mA
or 4 hr. Gels were dried and autoradiographed. For supermobility
hift assays, polyclonal serum against PfSir2 (15 and 30 g) was
ncubated for 20 min in the binding reaction before the addition of
abeled oligonucleotides. The complexes were resolved as de-
cribed previously. The probe for EMSA was prepared by using
ense and antisense primers that contained only one Rep20 repeti-
ion. The oligonucleotide Rep20-EcoRI (5#-GGAATTCCACTAATTTA
GCTATGTAGGTA AGCTTGGG-3#) and Rep20-HindIII (5#-CCCAA
CTTACCTACATGACCTAAATTAGT GGAATTCC-3#) primers were
nnealed and labeled by filling in the 5#-overhanging end using
lenow DNA polymerase. A 500 base pair DNA fragment of the
RP1 gene promoter region was obtained by using the primers
RP1 (5#-CAATATTAACCATTCTAATATAAA-3#) and HRP2 (5#-TAA
ATTATTATTTTTTTTTTTAATTATTTAGTAGTTATGTTTTGTCG-3#).
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